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Schwann cell-derived peripheral myelin protein-22 (PMP-22) when
mutated or overexpressed causes heritable neuropathies with a
previously unexplained ‘‘gain-of-function’’ endoplasmic reticulum
(ER) retention phenotype. In wild-type sciatic nerves, PMP-22
associates in a specific, transient (t1/2 � 11 min), and oligosaccha-
ride processing-dependent manner with the lectin chaperone cal-
nexin (CNX), but not calreticulin nor BiP. In Trembler-J (Tr-J) sciatic
nerves, prolonged association of mutant PMP-22 with CNX is found
(t1/2 > 60 min). In 293A cells overexpressing PMP-22Tr-J, CNX and
PMP-22 colocalize in large intracellular structures identified at the
electron microscopy level as myelin-like figures with CNX localiza-
tion in the structures dependent on PMP-22 glucosylation. Similar
intracellular myelin-like figures were also present in Schwann cells
of sciatic nerves from homozygous Trembler-J mice with no de-
tectable activation of the stress response pathway as deduced
from BiP and CHOP expression. Sequestration of CNX in intracel-
lular myelin-like figures may be relevant to the autosomal domi-
nant Charcot–Marie–Tooth-related neuropathies.

endoplasmic reticulum quality control � myelinopathy � hereditary
neuropathy � Trembler � Charcot–Marie–Tooth disease

Defects in the gene for the polytypic integral membrane
protein peripheral myelin protein 22 (PMP-22) of the

myelin sheath are responsible for the Trembler (Tr) and Trem-
bler-J (Tr-J) neuropathies in mice and Charcot–Marie–Tooth
disease, hereditary neuropathy with liability to pressure palsies,
and Dejerine–Sottas syndrome in humans. The function of
PMP-22 is unknown, but roles in cell growth, apoptosis, higher
order macromolecular structure, and intracellular signaling have
been proposed (1). Intrachromosomal duplications (2) and
deletions (3) encompassing PMP-22 cause Charcot–Marie–
Tooth disease and hereditary neuropathy with liability to pres-
sure palsies, respectively. In addition, point mutations have been
found in patients with Charcot–Marie–Tooth disease, hereditary
neuropathy with liability to pressure palsies, and Dejerine–
Sottas syndrome (4). Indeed, the first missense mutations to be
identified in the PMP-22 gene were found in the Tr (5) and Tr-J
(6) mice with identical point mutations shared between humans
and mice (7, 8).

Many PMP-22 mutations are retained intracellularly (9–12) and
appear to belong to a growing class of mutations termed ‘‘endo-
plasmic reticulum (ER) retention mutations’’ that are recognized
by ER resident-folding proteins, molecular chaperones, and�or
other enzymes that serve to monitor the fidelity of protein synthesis
and macromolecular assembly (13, 14). Among ER retention
diseases, however, heritable neuropathies caused by PMP-22 mu-
tation or overexpression are unique because they are dominant
gain-of-function diseases (15).

Here, transient and glucosylation-dependent association of
PMP-22 with the ER chaperone calnexin (CNX) was observed.
PMP-22 associated only with CNX. Formation of intracellular
myelin-like figures (IMLFs) in transfected cells coincided with the

cosequestration of CNX in a glucosylation dependent fashion.
Similar intracellular myelin-like structures were present in the
sciatic nerves of homozygous Tr-J mice. These results provide a
mechanistic explanation for the human Charcot–Marie–Tooth
disease secondary to the ER retention of mutant PMP-22 via the
CNX cycle and provide an unexpected link between the gain-of-
function phenotype of such diseases and sequestration of the
resident ER lectin chaperone, CNX.

Materials and Methods
Metabolic Labeling, Immunoprecipitations, and Western Blot Analysis.
Metabolic labeling and pulse–chase of mouse sciatic nerves and
immunoprecipitations for PMP-22 (16) as well as nondenaturing
CNX immunoprecipitations, BiP immunoprecipitation, and ATP
depletion of cell lysates have been described (17, 18). For sequential
PMP-22 immunoprecipitations, lysates were first CNX immuno-
precipitated as described (17) followed by resolubilization in 0.5%
SDS in 50 mM Tris (pH 8.0) and PMP-22 immunoprecipitated in
modified radioimmunoprecipitation assay buffer (50 mM Tris, pH
8.0�150 mM NaCl�1% deoxycholate containing 0.5% Nonidet
P-40). Samples were electrophoresed, transferred to nitrocellulose
membranes, and exposed to film by using the Kodak Biomax
Transcreen LE system (NEN). For some experiments, sciatic
nerves were pretreated with 1 mM castanospermine (Sigma–
Aldrich) for 1 h at 37°C before and during metabolic labeling.
Samples were then homogenized in 2% 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate lysis buffer containing
5 mM iodoacetamide and gels processed for fluorography by using
EN3HANCE reagent (NEN). Western blot analysis of membranes
incubated in anti-PMP-22 (Susi-4; 1:500) Ab overnight or anti-
PMP-22 antiserum preblocked with immunizing peptide was per-
formed as described (19).

Immunofluorescence of Wild-Type (wt), Tr, and Tr-J PMP-22-
Transfected Cells. QBT 293A, COS, or HeLa cells were transiently
transfected with either C-terminal green fluorescent protein
(GFP)-tagged PMP-22wt, PMP-22Tr-GFP, and PMP-22Tr-J-GFP or
N-glucosylation site deleted (N41A) PMP-22wt-GFP. Mutagenesis
of PMP-22 was obtained by using a Transformer site-directed
mutagenesis kit per the manufacturer’s instructions (COLETTE,
Palo Alto, CA) and verified by sequencing. Cells were fixed with 4%
paraformaldehyde in phosphate buffer for 15 min at room tem-
perature. Coverslips were rinsed twice in PBS containing 0.01%
Tween-20 and permeabilized 5 min in PBS containing 0.2% Triton
X-100. Cells were blocked in 5% normal goat serum in PBS for 15
min followed by incubation in affinity-purified anti-CNX (�C4;
1:300) or protein disulfide isomerase (Affinity Bioreagents,
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Golden, CO) for 1 h. Coverslips were washed and incubated with
either Cy3-labeled donkey anti-rabbit IgG or Cy3-labeled donkey
anti-mouse IgG (1:250; Jackson ImmunoResearch) for 1 h at room
temperature. Confocal images were obtained on a Zeiss LSM 410
microscope. Immunofluorescence images were obtained on Zeiss
axioscope. For quantitation of immunofluorescence intensity, im-
ages were obtained by using a Zeiss LSM 510 microscope. Cells
expressing GFP-tagged protein were encircled and the number of
pixels (minus background) and surface area (�m2) established by
using LSM 5 image examiner (Zeiss). Total fluorescence�cell was
then calculated. Cells were classified by PMP-22�CNX colocaliza-
tion within different compartments (i.e., plasma membrane vs. ER
vs. IMLFs).

Genotyping. Tr-J mice (C57BL�6J) obtained courtesy of A. Peter-
son (Royal Victoria Hospital, Montreal) were genotyped as de-
scribed (20).

Electron Microscopy (EM). 293A and HeLa cells transfected with
either GFP alone, PMP-22wt-GFP, or PMP-22Tr-J -GFP and Tr-J
sciatic nerves were processed as described (21). For quantitation of
intracellular structures (ICS), a total of 25 EM photomicro-
graphs�transfection condition were taken wherever either IMLFs
or aggresomes could be found. The percentage per intracellular
structure�transfection condition was then calculated.

Reverse Transcription–PCR (RT-PCR) Analysis. Sciatic nerve and liver
tissues from either wt, Tr-J��, or Tr-J�Tr-J mice were pooled and
homogenized in Trizol (Invitrogen). Total RNA was isolated and
converted into cDNA by using oligo(dT)20-primed oligonucleotides
and the Thermoscript RT-PCR system (Invitrogen). One-eighth of
the cDNA synthesis reaction was used for PCR analysis of BiP,
CHOP, and glyceraldehyde-3-phosphate dehydrogenase mRNA
expression by amplification with Taq DNA polymerase (Fermentas,
Burlington, Canada). Each PCR was analyzed in the linear part of
the amplification. Oligonucleotides (�DNA) used for PCR were as
follows: 5�-gggaaagaaggttacccatgc and 5�-cgagtagatccaccaaccagag
for BiP; 5�-ccctgcctttcaccttgg and 5�-ccgctcgttctcctgctc for CHOP;
and 5�-ACCACCATGGAGAAGGCTGG and 5�-CTCAGTG-
TAGCCCAGGATGC for glyceraldehyde-3-phosphate dehydroge-
nase. PCR-amplified products were analyzed on agarose gel
and quantified with FluorChem (Alphatech Innovation, Bur-
lington, MA).

Results
CNX Association with Sciatic Nerve PMP-22 ex Vivo. wt PMP-22 is a
multipass integral membrane protein (22) with a single site of
N-glucosylation at residue N41 (23). To screen for relevant ER
chaperones interacting with newly synthesized PMP-22, coimmu-
noprecipitation experiments with freshly excised rat sciatic nerves
radiolabeled ex vivo were performed by using anti-CNX, antical-
reticulin, and anti-BiP antisera. The major radiolabeled polypeptide
that coimmunoprecipitated with CNX has a similar mobility to
PMP-22 (Fig. 1a, compare lanes 1 and 2). Little significant asso-
ciation with any sciatic nerve proteins could be demonstrated in
anti-calreticulin immunoprecipitates (Fig. 1a, lane 3) from sciatic
nerves. As expected, BiP associated with substrates that were
released by ATP hydrolysis (Fig. 1a, compare lanes 4 and 5), but
these did not correspond to polypeptides with the electrophoretic
mobility of PMP-22. Little radiolabel was immunoprecipitated with
nonimmune serum (Fig. 1a, lane 6).

Confirmation of the identity of the 22-kDa polypeptide associ-
ated with CNX was revealed by Western blotting and sequential
coimmunoprecipation. Immunoreactive PMP-22 was clearly de-
tected in Western blots of total protein from rat sciatic nerves (Fig.
1b, lane 1) and in anti-CNX immunoprecipitates from sciatic nerve
(Fig. 1b, lane 2), but not in sciatic nerve immunoprecipitates by
using nonimmune serum (Fig. 1b, lane 3). As a specificity control,

the binding of the anti-PMP-22 Abs to PMP-22 was abrogated when
immunoblots were probed with peptide-blocked anti-PMP-22 (Fig.
1b, lanes 4 and 5). Comparison of the 22-kDa bands found in the
anti-PMP-22 immunoprecipitates (Fig. 1c, lane 1), the major
polypeptide coimmunoprecipitated with CNX (Fig. 1c, lane 2), and
sequential anti-PMP-22 immunoprecipitates from the CNX pre-
cipitation (Fig. 1c, lane 3) demonstrated that PMP-22 is a CNX
substrate.

CNX specifically associates with newly synthesized monoglucosy-

Fig. 1. CNXcoimmunoprecipitationwithPMP-22 in rat sciaticnerves. (a) Lysates
(200 �g�immunoprecipitation) from metabolically labeled (0.4 mCi�ml; specific
activity � 1,175 Ci�mmol) sciatic nerves were immunoprecipitated with either
anti-PMP-22 (lane 1), anti-CNX (lane 2), anticalreticulin (lane 3), anti-BiP (lanes 4
and 5) Abs, or nonimmune serum (NIS; lane 6). As a specificity control, anti-BiP
immunoprecipitates were incubated with Mg2� ATP to release substrates be-
cause of ATPase activity (lane 5). (b) Unlabeled sciatic nerve lysates (400 �g�im-
munoprecipitation) were immunoprecipitated with either anti-CNX Ab (lanes 2
and 5) or nonimmune serum (lanes 3 and 6) and Western blotted. Total protein
from rat sciatic nerves were included as positive controls (lanes 1 and 4). Blots
were probed with either anti-PMP-22 (lanes 1–3) or anti-PMP-22 (lanes 4–6)
preblocked with the immunizing peptide. (c) Metabolically labeled sciatic nerve
lysates (30 min) were either immunoprecipitated with anti-PMP-22 (lane 1) or
anti-CNX (lane 2). CNX immunoprecipitates were resolubilized and reimmuno-
precipitated with anti-PMP-22, confirming the identity of the 22-kDa band as
PMP-22 (lane 3). (d) Treatment of sciatic nerves with 1 mM CST 60 min before and
during metabolic labeling reduced the association of PMP-22 and CNX (compare
lanes 1 and 2) by 90% as determined by densitometry (data not shown). In mock
CST controls (lane 3), sciatic nerves were simultaneously incubated in DMEM in
the absence of CST. After treatment with�without CST, lysates were immuno-
precipitated with either anti-CNX (lane 1–3) or nonimmune serum (lane 4). (e and
f ) Sciatic nerves were metabolically labeled and then ‘‘chased’’ with 2 mM
L-methionine in DMEM for the indicated time intervals. Lysates were subse-
quently immunoprecipitated with anti-CNX (e, lanes 2–9), anti-PMP-22 (e, lane 1;
f, lanes1–8),ornonimmuneserum(e, lane10; f, lane9). Exposure�21dforaand
d; 10 d for c, e, and f.
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lated glycoproteins (13, 24, 25). Such interactions are prevented by
castanospermine which inhibits glucosidase trimming of the glu-
cosylated high mannose oligosaccharide on newly synthesized N-
linked glycoproteins (26). In the presence of castanospermine
(CST), PMP-22 association with CNX was reduced by 90% (Fig. 1d,
lane 2) compared to untreated controls (Fig. 1d, lanes 1 and 3) as
determined by densitometry (not shown). Hence, glucosidase
processing of newly synthesized PMP-22 was required for CNX
association.

Pulse–chase protocols were used to evaluate the kinetics of the
association of PMP-22 with CNX (Fig. 1e). Between 5 and 45 min
of chase, newly synthesized PMP-22 (30-min radiolabeling) formed
a transient association with CNX (Fig. 1e) with a calculated t1/2 of
11 min, whereas the half-life of newly synthesized PMP-22 in sciatic
nerves is �30 min (Fig. 1f).

Visualization of Quality Control. Available Abs to PMP-22 were
ineffective by immunofluorescence. Consequently, cells were trans-
fected with either PMP-22wt, PMP-22Tr, or PMP-22Tr-J (Fig. 2) all
with carboxyl termini fused to GFP. The cells were then with fixed
and stained with CNX Abs by indirect immunofluorescence with
Cy3. A characteristic ER reticular appearance for CNX was visu-
alized in all cells (Fig. 2 b, e, and h). wt PMP-22-GFP fusion protein
was localized to the plasma membrane (Fig. 2a), whereas plasma
membrane localization was not apparent in cells expressing mutant
PMP-22Tr-GFP (Fig. 2d) and PMP-22Tr-J-GFP (Fig. 2g) transfected
cells. Overlay confocal images of PMP-22Tr-GFP (Fig. 2f) and
PMP-22Tr-J-GFP (Fig. 2i) with CNX-Cy3 immunofluorescence
showed a colocalization of the mutant PMP-22 proteins with CNX,
but not that of PMP-22wt (Fig. 2c). Parallel coimmunoprecipitation
studies (not shown) revealed CNX association with wt, PMP-22Tr,
and PMP-22Tr-J in these cells.

Overexpression of wt and PMP-22Tr-J in different types of cells
led to the formation of large ICS (arrowheads; Fig. 3a). Although

these ICS could be quantified in 293A, COS and HeLa cells
transfected with PMP-22wt-GFP, the frequency of their formation
increased markedly when cells were transfected with PMP-22Tr-J-
GFP (Fig. 3b). Both for PMP-22wt-GFP and PMP-22Tr-J-GFP
transfected 293 cells, two-way ANOVA analysis of quantified
intensities of GFP protein expression (total fluorescence�cell)
indicated (P � 0.001) that cells containing ICS expressed more than
cells showing a plasma membrane or only a reticular ER localiza-
tion of PMP-22 (Fig. 3c). By immunofluorescence, these intracel-
lular spherical bodies colocalized with CNX (Fig. 3 d–i). Controls
with GFP alone revealed no detectable ICS whereas controls
overexpressing PMP-22Tr-J without GFP led to a similar accumu-
lation of ICS immunoreactive with anti-CNX (data not shown).

EM revealed that the ICS correspond to IMLFs in 293A cells
overexpressing either wt (not shown) or mutant PMP-22 (Fig. 3j).
HeLa cells transfected with PMP-22Tr-J-GFP resulted in the for-
mation of consistently smaller IMLFs (Fig. 3k), aggresomes (Fig.
3l), or a combination of both structures within one cell. Quantita-
tion of ICS present in cells transfected with either GFP alone,
PMP-22wt-GFP or PMP-22Tr-J-GFP revealed that 293A cells possess
only IMLFs (Fig. 3m). A distinct pattern developed in HeLa cells
transfected with either GFP alone, PMP-22wt-GFP or PMP-22Tr-J-
GFP (Fig. 3m). Although aggresomes were commonly observed in
PMP-22-transfected HeLa cells, the frequency of IMLFs is in-
creased in HeLa cells transfected with the mutant protein. The
formation of IMLFs in cells transfected with wt or mutant PMP-
22-GFP and their absence in either 293 cells and HeLa cells
transfected with GFP alone provides further evidence that tagging
PMP-22 with GFP at the C terminus does not affect its trafficking.
Remarkably, aggresomes were observed in HeLa cells transfected
with GFP alone but were absent in 293 cells transfected with GFP
or the PMP-22-GFP constructs (Fig. 3m). Hence, IMLFs, but
not aggresomes, coincided with overexpression of wt or mutant
PMP-22.

Fig. 2. CNX associates with PMP-22wt, PMP-22Tr, and PMP-22Tr-J in transiently transfected 293A cells. Cells were transfected with either PMP-22wt-GFP (a–c),
PMP-22Tr-GFP (d–f ), and PMP-22Tr-J-GFP (g–i) and processed for anti-CNX immunofluorescence (b, e, and h). Confocal overlay images for PMP-22wt-GFP and CNX show
a distinct plasmalemmal colocalization (c). By contrast, PMP-22Tr-GFP (f) and PMP-22Tr-J-GFP (i) show a colocalization with CNX. (Bar � 25 �m.)
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Fig. 3. CNX colocalizes with IMLFs in cells overexpressing PMP-22wt and PMP-22Tr-J. (a) The presence of large ICS (arrowheads) within 293 cells transiently
transfected with PMP-22Tr-J -GFP in comparison to cells having an ER-like localization of the PMP-22-GFP protein (arrows). Quantitation (total of 1,000 cells
counted�cell-type) of the presence of ICS�cell-type confirmed the greater incidence of these structures residing in cells transfected with mutant PMP-22Tr-J-GFP
as compared to cells transfected with PMP-22wt-GFP (b). The total fluorescence�cell (c; described in Materials and Methods) assessed the level of
PMP-22-GFP protein expression in transfected 293 cells with either plasma membrane (PM), ER, or ICS scored. Two-way ANOVA determined the amounts of
PMP-22wt-GFP protein expressed with PM, ER, and ICS localizations as significantly different (P � 0.001). Likewise, the amounts of PMP-22Tr-J-GFP protein with ER and
ICS localizations were also significantly different (P � 0.001). Immunofluorescence microscopy of transfected 293A (d–f ) and HeLa (g–i) cells revealed a colocalization
of CNX with ICS in cells overexpressing PMP-22Tr-J-GFP (f and i). EM of 293A cells overexpressing PMP-22Tr-J-GFP, revealed the ultrastructure of these IMLFs in the
cytoplasm of cells (j). Conversely, HeLa cells transfected with PMP-22Tr-J-GFP led to the formation of either IMLFs (k), aggresomes (l), or a combination of both structures
within one cell (see m). Although aggresomes could be found in all transfected HeLa cells, no aggresomes were seen in 293 cells (m). Immunofluorescence of the ER
protein disulfide isomerase (o) did not reveal a colocalization with IMLFs (n and p). Removal of the N-linked glucosylation site (N41A) of PMP-22wt-GFP revealed ICS (q)
but these were unreactive for CNX (r and s) revealing that formation of IMLFs was not dependent on its association. (Bar � d–f and g–i,15 �m; j, k, and l, 2 �m; and
n–s, 15 �m.)
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These structures, however, did not colocalize with protein disul-
fide isomerase, another ER resident protein, (Fig. 3 n–p). In
addition, mutation of the N-glucosylation site of PMP-22 (N41A)
expected to abolish CNX�PMP-22 associations (17) still led to the
formation of abnormal PMP-22-containing ICS but without CNX
accumulation (Fig. 3 q–s). Taken together, these studies represent
the first observation of N-glucosylation-dependent sequestration of
CNX by a misfolded substrate.

Presence of IMLFs in Tr-J Mice and Extended Association of Mutant
PMP-22 with CNX in Vivo. The presence of myelin-like figures in
Tr-J�Tr-J sciatic nerves was confirmed both at the light microscope
(Fig. 4 a–c) and the EM levels (Fig. 4 d and e). At higher
magnification, myelin-like figures from Tr-J�Tr-J homozygous sci-

atic nerves (Fig. 4e) show comparable ultrastructures to those found
in 293A cells transfected with PMP-22Tr-J-GFP with the latter
demonstrating a clear ER intraluminal accumulation of myelin-like
figures (Fig. 4f).

Misfolded proteins associate with CNX for longer times than
their correctly folded counterparts as a consequence of extensive
recycling through the CNX cycle (13, 17). Pulse–chase analysis (Fig.
4g) of CNX immunoprecipitations from wt (C57BL�6) and mutant
Tr-J�Tr-J nerves radiolabeled ex vivo revealed little detectable CNX
associated PMP-22wt by 60 min of chase. In contrast, in Tr-J mice,
CNX�PMP-22 association was prolonged and only decreased by
120 min after chase. Remarkably, prolonged association of PMP-
22Tr-J with CNX did not induce an unfolded protein response as
verified by quantitation of BiP and CHOP expression by reverse
transcription–PCR (Fig. 4h).

Fig. 4. Presence of IMLFs in Tr-J�Tr-J nerves and prolonged association of CNX with PMP-22Tr-J in vivo. IMLFs were visualized in Schwann cells of Tr-J homozygous
mice at the light microscope (a–c) and EM levels (d–f ). (a) IMLFs (arrowheads) present in a perinuclear position of a Schwann cell. (b) IMLFs (arrowheads) in Schwann
cells and the consequent lack of myelination in nearby axons (arrows). (c) Cross section of a partially myelinated fiber (m) and a closely associated Schwann cell with
IMLFs (arrowheads). (d) IMLFs in a Schwann cell identified by its basal lamina (arrowhead). An unmyelinated axon (Ax) is indicated. At higher magnification (e), parallel
arrays of membranes in an IMLF of the Schwann cell can be visualized. The ultrastructure of the IMLF seen in Tr-J sciatic nerves (e) is similar to that seen in 293 cells
overexpressing PMP-22Tr-J-GFP (f). (g) Sciatic nerves from wt and Tr-J�Tr-J mice were pulse-labeled for 30 min with Tran35S-label (0.4 mCi�ml; specific activity � 1,175
Ci�mmol) chased with 2 mM L-methionine supplemented DMEM for either 60 or 120 min, followed by immunoprecipitation of lysates with anti-CNX. In wt (C57BL�6)
sciatic nerves, the association of PMP-22wt and CNX is greatly diminished after a 60-min chase period, as evaluated by densitometry. In Tr-J�Tr-J sciatic nerves,
PMP-22Tr-J�CNX associations are not significantly decreased until 120 min after chase. The SD for the 60-min time point is shown. Data points (taken from three separate
experiments; three animals�experiment) at the 60-min time point in Tr-J�Tr-J animals were significantly different from wt control (*, P � 0.001). (h) Relative expression
levelsofBiPandCHOP(normalizedtoglyceraldehyde-3-phosphatedehydrogenase) inwt,heterozygous,andhomozygousTr-Jmiceshowednoincrease inCHOPmRNA
levels, indicating a lack of an unfolded protein response in Tr-J�Tr-J sciatic nerves (h). Values � half variation are the mean of two PCRs performed for sciatic nerve and
liver, respectively. m, myelinated fiber; Ax, axon; np, nuclear pore; N, nucleus. (Bar � a–c, 5 �m; d, 2 �m; and e and f, 100 nm.)
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Discussion
These results show that the lectin chaperone CNX associates
transiently with PMP-22 during normal productive folding and
more prolonged with mutant PMP-22 during quality control.
Furthermore, the ultrastructural observations on transfected
293A cells suggest that PMP-22 directly organizes membranes
into parallel arrays resembling myelin, consistent with its pos-
tulated role in myelin formation. Unexpectedly, such intracel-
lular membrane arrays sequester CNX providing a novel expla-
nation for gain of function diseases exemplified by the Charcot–
Marie–Tooth syndrome caused by either overexpression of
PMP-22 or expression of mutant protein.

The association of newly synthesized PMP-22 with CNX was
transient and depended on the activity of glucosidases I and II, as
predicted (13, 24), from the lectin domain of CNX interacting with
a single Glc1Man9GlcNAc2 oligosaccharide at position N41 of
PMP-22. This oligosaccharide is modeled at �12-aa residues from
the phospholipid bilayer as deduced from topological studies of
PMP-22 (22, 27). The recently solved x-ray crystal structure of CNX
reveals its glucose-binding site to be positioned in a pocket 28 Å
from the phospholipid bilayer as inferred from the position of the
predicted single transmembrane domain of CNX (28). Hence the
relative CNX specificity for associating with nascent PMP-22
compared to BiP and calreticulin is likely because of the inability of
the oligosaccharide-containing domain of PMP-22 to reach far
enough into the lumen of the ER to engage the soluble molecular
chaperones (i.e., BiP and calreticulin) in the matrix of the ER (29).

IMLFs were formed when 293A cells were transfected with
mutant PMP-22Tr-J, and to a lesser extent, wt PMP-22. By fluores-
cence microscopy, both CNX and PMP-22Tr-J colocalized in struc-
tures likely to correspond to IMLFs seen in Schwann cells of
Tr-J�Tr-J mice. However, the colocalization with CNX, but not the
generation of IMLFs, depended on PMP-22 N-glycosylation.

The formation of IMLFs may be a response to mask luminal
exposed stretches of hydrophobic amino acids in mutant PMP-22
accumulating in the ER because of quality control. Indeed assembly
of PMP-22 into parallel membrane arrays seen as IMLFs in
Schwann cells of Tr-J mice (Fig. 4e) as well as 293 cells (where the
only Schwann cell protein introduced is PMP-22; Fig. 4f) implicates
PMP-22 in membrane organization in the mechanism of myelin
formation, a function previously predicted (30) but without direct
evidence before these observations. Moreover, the accumulation of
ER intraluminal myelin-like figures with overexpression of mutant

or wt PMP-22 in 293 cells occurs despite the lack of gangliosides or
other myelin proteins in the ER of 293 cells.

Myelin-like figures, similar to those observed here, have recently
been described in mice overexpressing PMP-22wt (31). Both Tr and
Tr-J mutations are considered as gain-of-function mutations (15),
which may be a consequence of sequestration of CNX by mutant
PMP-22Tr-J. However CNX was not required for the formation of
ICS in 293 cells because the nonglucosylated N41A mutant of
PMP-22 formed the ICS without CNX recruitment. Furthermore,
other ER resident proteins such as protein disulfide isomerase were
not recruited to ICS.

The endosomal�lysosomal pathway is up-regulated in the Tr-
J�� and Tr-J�Tr-J mice relative to wt (20) and the IMLFs are
immunoreactive to LAMP (lysosome-associated membrane pro-
tein). Hence transformation of the IMLFs into lysosomes via a
well-recognized autophagic transformation (32) is the likely quality-
control mechanism for the removal of mutant or overexpressed
PMP-22wt in at least some Charcot–Marie–Tooth syndromes. Co-
sequestration of CNX may deplete Schwann cells of sufficient CNX
for proper quality control leading to a gain of function disease.

Aggresome formation (33) has also been postulated as a possible
mechanism underlying the pathogenesis of PMP-22-related neu-
ropathies (34). The absence of aggresomes in 293 cells and their
presence in transfected HeLa cells provides evidence that disposal
mechanisms are cell type specific. To date, EM studies have failed
to demonstrate the presence of aggresomes in myelinating Tr-
J�Tr-J Schwann cells or in 293 cells expressing PMP-22 and IMLFs.
Finally, neither BiP nor CHOP expression increased in nerves
expressing mutant PMP-22. This is not unexpected because the
increased expression of these genes consequent to protein misfold-
ing in the ER requires binding of the mutant protein to BiP (35–37)
and PMP-22 appears to be a substrate only for the CNX cycle. The
ER to lysosomal route for disposal of misfolded proteins predicted
here may be a more general feature of quality control, namely to
deal with intraluminal misfolded protein aggregates inhibited from
entering the proteasomal pathway.
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